D'Agostino D, Mazza E Jr, Neubauer JA. Heme oxygenase is necessary for the excitatory response of cultured neonatal rat rostral ventrolateral medulla neurons to hypoxia. Am J Physiol Regul Integr Comp Physiol 296: R102-R118, 2009. First published October 29, 2008 doi:10.1152/ajpregu.90325.2008.-Heme oxygenase has been linked to the oxygen-sensing function of the carotid body, pulmonary vasculature, cerebral vasculature, and airway smooth muscle. We have shown previously that the cardiorespiratory regions of the rostral ventrolateral medulla are excited by local hypoxia and that heme oxygenase-2 (HO-2) is expressed in the hypoxia-chemosensitive regions of the rostral ventrolateral medulla (RVLM), the respiratory pre-Bötzinger complex, and C1 sympathoexcitatory region. To determine whether heme oxygenase is necessary for the hypoxic-excitation of dissociated RVLM neurons (P1) cultured on confluent medullary astrocytes (P5), we examined their electrophysiological responses to hypoxia (NaCN and low PO2) using the whole-cell perforated patch clamp technique before and after blocking heme oxygenase with tin protoporphyrin-IX (SnPP-IX). Following the electrophysiological recording, immunocytochemistry was performed on the recorded neuron to correlate the electrophysiological response to hypoxia with the expression of HO-2. We found that the responses to NaCN and hypoxia were similar. RVLM neurons responded to NaCN and low PO2 with either depolarization or hyperpolarization and SnPP-IX blocked the depolarization response of hypoxia-excited neurons to both NaCN and low PO2 but had no effect on the hyperpolarization response of hypoxia-depressed neurons. Consistent with this observation, HO-2 expression was present only in the hypoxia-excited neurons. We conclude that RVLM neurons are excited by hypoxia via a heme oxygenase-dependent mechanism. chemosensitivity; pre-Bötzinger complex; C1 sympathoexcitatory region THE GENERAL NEURONAL RESPONSE to hypoxia is a reduction in excitability, which is presumably an important means to conserve energy during reduced availability of oxygen. However, studies done in vivo (53, 54) and in vitro (38, 55, 59 ) have demonstrated unique sites within the rostral ventrolateral medulla (RVLM) that increase their activity in response to local hypoxia. For example, in vivo, local hypoxia within the C1 region (54) and pre-Bötzinger complex (preBötC) (53) produce increases in sympathetic and respiratory nerve activity, respectively. Using in vitro preparations, neurons in the RVLM have been shown to be excited by hypoxia in both medullary slices (55) and primary cell cultures (38). Although the hypoxic sensitivity of these RVLM neurons has been established, the mechanism(s) mediating their excitatory response to hypoxia has not.
THE GENERAL NEURONAL RESPONSE to hypoxia is a reduction in excitability, which is presumably an important means to conserve energy during reduced availability of oxygen. However, studies done in vivo (53, 54) and in vitro (38, 55, 59 ) have demonstrated unique sites within the rostral ventrolateral medulla (RVLM) that increase their activity in response to local hypoxia. For example, in vivo, local hypoxia within the C1 region (54) and pre-Bötzinger complex (preBötC) (53) produce increases in sympathetic and respiratory nerve activity, respectively. Using in vitro preparations, neurons in the RVLM have been shown to be excited by hypoxia in both medullary slices (55) and primary cell cultures (38) . Although the hypoxic sensitivity of these RVLM neurons has been established, the mechanism(s) mediating their excitatory response to hypoxia has not.
It seems likely that the oxygen-sensing mechanism utilized by the C1 and preBötC neurons shares some commonality with other oxygen-sensing tissues (e.g., the carotid body and pulmonary vasculature) that use heme proteins, including the heme protein heme oxygenase (2, 43, 48, 49, 63) . Previous studies in our lab have shown that heme oxygenase-2 (HO-2) is constitutively expressed in the C1 and preBötC regions of the RVLM (39) . However, whether heme oxygenase is necessary for the excitatory response of these neurons to hypoxia is not known. Thus, the major aim of this study was to determine whether heme oxygenase is necessary for the excitatory response of neurons cultured from the RVLM to hypoxia using both chemical hypoxia (NaCN) and hypoxic hypoxia (low PO 2 ). To address this hypothesis, we used the primary dissociated cell culture system to examine the responses of rostral ventrolateral medulla neurons to hypoxia before and after inhibition of heme oxygenase. Specifically, we tested whether inhibition of heme oxygenase blocks the excitatory response but not the depressed response to hypoxia in neurons cultured from the RVLM.
METHODS
To determine whether inhibition of heme oxygenase (HO) blocks the excitatory response of RVLM neurons to hypoxia, whole cell perforated patch-clamp recordings were made on dissociated RVLM neurons grown in primary cultures before and after administration of tin protoporphyrin-IX (SnPP-IX). The Institutional Animal Care and Use Committee at the Robert Wood Johnson Medical School approved all experimental procedures.
Dissociated RVLM Neuronal Cultures
Primary RVLM cultures were prepared on monolayers of medullary astrocytes according to the method previously described (38) . Medullary astrocyte monolayers were prepared from the medullas of Sprague-Dawley rat pups (4 -5 days old). The medullas were minced (1-2-mm 2 ) and dissociated enzymatically (0.25% trypsin) and mechanically (gentle trituration). The dispersed cells were centrifuged and resuspended in DMEM supplemented with 10% fetal bovine serum, 2% L-glutamine, and 2% penicillin-streptomycin (DMEM-CM), filtered (40-m nylon mesh), plated (1:10 per 75 cm 3 culture flask), and incubated (5% CO 2 in air at 37°C). Loosely adherent cells were removed after 48 -72 h by shaking the flasks (6 -8 h at 200 rpm) and removing the medium. The medium was replaced and cultures were incubated further until confluent monolayers were obtained (1-3 wk). Astrocytes were harvested by removing the medium and enzymatically treating with 1 ml of trypsin (0.25%) and 4 ml of 0.02% EDTA in Ca 2ϩ -and Mg 2ϩ -free PBS (37°C, pH 7.2) to redissociate the astrocytes. The astrocytes were removed from the flask and centrifuged and resuspended in DMEM-CM, filtered and plated (35 cells/mm 2 ) on 18-mm round poly-L-lysine-coated coverslips in culture wells containing DMEM-CM and grown to confluency in a 5% CO2 in air incubator at 37°C.
After coverslips were confluent with a monolayer of medullary astrocytes (7-10 days), they were plated with dissociated RVLM neurons. The dissociated RVLM neurons were prepared from Sprague-Dawley rat pups (P0 -1) whose medullas were dissected to bilaterally remove wedges of tissue that contained the C1 sympathoexcitatory region and preBötC (38) . The RVLM sections were minced and dissociated enzymatically (0.25% trypsin and 0.4% collagenase) and mechanically. The dispersed RVLM cells were filtered and resuspended in DMEM-CM. After checking the viable cell count, cells were plated (150 cells/mm 2 ) on the confluent astrocyte monolayers. After 3-4 h, the DMEM-CM was replaced with a chemically defined medium, which was a modified Bottenstein and Sato's N2 medium (DMEM-N2) consisting of DMEM supplemented with bovine serum albumin (100 g/ml), transferrin (100 g/ml), triiodothyronine (0.3 ng/ml), L-thyroxin (0.4 ng/ml), insulin (10 g/ml), sodium selenite (5.2 ng/ml), progesterone (6.2 ng/ml), putresine (16 m/ml), and brain-derived neurotrophic factor (10 ng/ml). Primary RVLM cultures were incubated (5% CO 2 in air at 37°C) and studied between 4 and 10 days in vitro.
Electrophysiology
Whole cell nystatin-perforated patch-clamp recordings were performed on neurons 5-9 days old in vitro, as described previously (38) . In brief, glass pipettes were pulled to a 1-to 2-m tip diameter on a two-stage vertical micropipette puller (PP-830, Narishige Instruments). Pipette resistances measured 2-4 M⍀ when filled with standard internal pipette solution (containing in mM: 105 K2SO4, 15 KCl, 0.8 MgCl2, and 10 HEPES, pH 7.2). Pipettes were backfilled with Nystatin (240 g/ml), which was prepared fresh just prior to the recordings.
Coverslips were mounted in the recording chamber (1.5 ml) placed on an inverted Zeiss microscope and superfused at a rate of 2.5 ml/min with artificial cerebrospinal fluid (M-CSF in mM: 125 NaCl, 3.5 KCl, 1 CaCl 2, 1 MgCl2, 24 NaHCO3, 0.6 NaH2PO4, and 15 glucose, equilibrated with either 95% O2-5% CO2 or 20% O2-5% CO2%, pH 7.4, 25°C). After formation of a gigaseal, cells required 15-30 min before membrane potential (Vm) and input resistance (R i) stabilized. Current clamp recordings were obtained using an Axopatch onedimensional patch-clamp amplifier and a CV-4 head stage (Axon Instruments), digitized, and stored (CODAS, Dataq). Calculation of Ri was done by determining the Vm responses to step current pulses (Ϫ10 pA to Ϫ60 pA) generated with the CLAMPEX program of the PCLAMP 7 data analysis package during baseline, peak or nadir of response to hypoxia, and during recovery from hypoxia, and then calculating the slope of the voltage to current relationship for each series of hyperpolarizing pulses. Once the Vm and Ri stabilized (15-30 min), baseline measurements were recorded for at least 2 min. Cultures were superfused with M-CSF, and studies were performed only on neurons that had stable recordings with Vm more negative than Ϫ45 mV, evoked or spontaneous action potentials that crossed 0 mV, and a seal resistance Ͼ1 G⍀.
Preparation of Metalloporphyrins
The importance of HO in the neuronal responses to hypoxia was assessed by using 10 M SnPP-IX. SnPP-IX is a potent and specific inhibitor of HO in concentrations below 50 M and is widely used to study the function of HO (36, 69) . Control studies were performed using PP-IX, an analog of SnPP-IX that does not affect the activity of HO. Stock solutions of both porphyrins were prepared at a concentration of 5 mM by dissolving the compounds in a 1:10 dilution of 100% ethanol in distilled and deionized H 2O. The stock solutions were adjusted to a pH of 11 with 1M NaOH. SnPP-IX and PP-IX solutions were used at a final concentration of 10 M when added to the M-CSF and adjusted to a final pH of 7.4.
Experimental Protocol: Hypoxic Hypoxia
Measurement of PO 2. The PO2 of the superfusate solution in the recording chamber was measured polarigraphically using a miniature (ϳ150 m tip) Clark oxygen electrode (737 GC, Diamond General) positioned adjacent (ϳ300 m) to the recorded neuron with a micromanipulator. Electrodes were polarized for at least 12 h prior to performing experiments. Before PO2 measurements were made, the electrode was stabilized at the operating voltage (Ϫ0.08 V) and ambient temperature (ϳ 22°C). The oxygen electrode was calibrated using a two-point calibration curve, zero and either 145 Torr or 695 Torr, depending upon the range of PO2 used in the experimental protocol. The zero point was achieved by equilibrating M-CSF with 100% N 2 and the addition of 1 mM of sodium dithionate, which is an oxygen scavenger widely used for the preparation of anoxic solutions (21) . The second point was achieved by equilibrating M-CSF with 20% O2 or 95% O2-5% CO2/balance N2. The equilibrated PO2 was calculated as: PO 2 ϭ FO 2 ϫ (PB Ϫ PH 2 O). The barometric pressure (PB) was measured using a mercury barometer. The vapor pressure of water (PH 2 O) corrected for PB and temperature was determined. Calibration curves were determined before and after all experimental protocols and corrected for ambient temperature. If the pre-and post-experimental calibration points differed by more than 10 Torr, the study was not included.
Hypoxic hypoxia. Neurons were exposed to a range of PO2 from 675 Torr to 10 Torr by superfusing them with M-CSF solutions equilibrated with 95% O2, 20% O2, 10% O2, 2% O2, or 95% N2 gas mixtures all containing 5% CO2 and balance N2. Each M-CSF solution was equilibrated for at least 60 min prior to using as a superfusate. The response to hypoxia was determined by exposing neurons to hypoxia using either a single-step hypoxia protocol or a graded hypoxia protocol.
The single-step hypoxia protocol was performed first to 1) determine whether neurons cultured from the RVLM respond to hypoxic hypoxia, 2) determine the threshold PO2 for a hypoxic response and 3) assess whether there was any response between ϳ675 Torr (95% O2) and ϳ140 Torr (20% O2). Hypoxia was induced from a PO2 of ϳ675 Torr by exposing the neurons to a superfusate solution equilibrated with 95% N2-5%CO2. This caused a reduction in PO2 in the recording chamber to 10 -14 Torr in ϳ30 s.
The lack of any change in Vm above a PO2 of 135 Torr led us to modify the graded hypoxia protocol to begin the protocol at a PO2 of ϳ135 Torr (20% O2). The graded hypoxia protocol was performed to reduce the PO2 more gradually and in a controlled manner to better assess the threshold PO2 needed to evoke a change in Vm. This was done by reducing the PO2 from ϳ135 Torr to 10 -14 Torr in at least three steps (ϳ80, 25, 12 Torr), each step maintained for 2 min to achieve a steady state PO2 at each level. Since the level of PO2 that caused a significant change in Vm (Ͼ2.5 mV) was always less than 25 Torr, all studies assessing the effect of blocking the activity of HO on the neuronal response to hypoxia were done at the lowest level of PO2 (10) (11) (12) (13) (14) . Every neuron studied responded to a PO2 of 10 -14 Torr. Neurons exposed to hypoxia protocols were characterized as excited (depolarized) or depressed (hyperpolarized).
Once the baseline response to hypoxia was established, the neuron was allowed to recover for at least 2 min before determining the effect of inhibiting HO on the response to hypoxia. The M-CSF superfusate was replaced with one containing SnPP-IX (10 M), and the electrophysiological parameters were recorded continuously for 5-10 min. As long as Vm was stable, the neuron was rechallenged with hypoxia and the response was recorded. Control studies using PP-IX (10 M) were performed on a separate group of neurons using the same protocol. In some cases, the control PP-IX protocol was followed with an inhibition protocol using SnPP-IX.
Experimental protocol:NaCN. Chemical hypoxia was induced using NaCN solutions (3, 5, and 10 mM) made by dissolving NaCN in M-CSF equilibrated with 95%O2-5% CO2. The baseline neuronal responses to hypoxia were determined by injecting a 0.3-ml bolus of a NaCN solution into the perfusion line. The lowest dose of NaCN necessary to elicit a significant (Ϯ 2.5 mV) depolarization (excited) or hyperpolarization (depressed) was determined and used throughout the study. All of the neurons responded to one of these three doses of NaCN.
Once the baseline response to NaCN and lowest effective dose of NaCN was established, neurons were allowed to recover before determining whether inhibition of HO with SnPP-IX abolished the response to this same dose of NaCN. M-CSF with SnPP-IX was superfused for at least 5 min before the neuron was rechallenged with the baseline dose NaCN. If the neuronal response to this baseline dose of NaCN was blocked after inhibition of HO, the neuron was rechallenged using a higher dose of NaCN. In the majority of cases (n ϭ 7), studies using PP-IX were performed in a separate group of neurons, however, three studies were performed in which an inhibition protocol (SnPP-IX) was performed following the control (PP-IX) protocol.
Experimental protocol:hypoxic hypoxia and NaCN. Five studies were done using hypoxic hypoxia and NaCN to determine whether neurons respond to both forms of hypoxia in a similar manner and whether excitatory responses to both forms of hypoxia are dependent upon HO. Neurons were exposed to NaCN (3-5 mM) before exposure to hypoxic hypoxia (PO2 10 -14 Torr). After the initial exposure to NaCN, the neuron was given 2 min to recover before exposing it to hypoxic hypoxia. After evoking a response to NaCN and hypoxic hypoxia, the neuron was allowed to recover before SnPP-IX or PP-IX (control) was added to the M-CSF. After superfusing SnPP-IX or PP-IX for 5 min, the neuron was rechallenged with NaCN and hypoxic hypoxia.
Data analysis. Neuronal recordings were analyzed off-line using Advanced CODAS Playback analysis software (Dataq) to examine the hypoxia-dependent changes in Vm, Ri, and firing frequency (FF). Neurons were classified according to their initial Vm responses to hypoxia as excited (depolarized) or depressed (hyperpolarized). Changes in Vm, Ri, and FF were measured and analyzed during the peak and nadir of the response to hypoxia and compared with the baseline measurements just previous to the hypoxic response before and after superfusing the cell with SnPP-IX or PP-IX. If the resting Vm became depolarized (Ͼ10 mV) during baseline conditions or did not recover (Ͼ67%) from the hypoxic challenge, the experiment was terminated or excluded from data analysis. Vm measurements were taken every second and averaged over 10 s of baseline, peak, or nadir of responses, and during 10 s of recovery. FF of all recordings were averaged over 10-s bins and examined during baseline, peak, or nadir, and during recovery. Calculation of Ri was done from one of two different protocols that include 1) determining the Vm responses to step current pulses (Ϫ10 pA to Ϫ60 pA), given via the recording pipette during the baseline, peak, or nadir of responses, and during recovery, and then calculating the slope of the voltage to the current relationship for each series of hyperpolarizing pulses, or 2) measuring the Vm responses to constant-amplitude current pulse (Ϫ20 pA or Ϫ40 pA pulse at 0.3 Hz) and then calculating the voltage to current relationship for each pulse. Statistical analysis of the data was done using SigmaPlot (Systat Software), and all data are expressed as means Ϯ SE. Baseline data taken immediately before the response were compared with the peak or nadir of response and tested for significance using a two-tailed Student's paired t-test. Comparisons of baseline measurements between depolarized and hyperpolarized neurons were done using a Student's unpaired t-test. When repeated measurements were taken using both NaCN and hypoxic hypoxia a one-way ANOVA and Student's-Newman-Keuls Test was used to determine statistical significance between these hypoxic responses. Differences were considered significant at P Ͻ 0.05.
Immunocytochemistry. After the experimental protocols were completed, immunocytochemistry was attempted on all of the recorded neurons to correlate the electrophysiological response to hypoxia with the expression of HO-2. Since preBötC neurons and C1 sympathoexcitatory neurons express NK-1R and TH, respectively (18, 19, 29) , some coverslips were also processed for coexpression of HO-2 with either NK-1R or TH. The location of the recorded neuron was tracked by making a scratch adjacent to the neuron under direct visualization through the microscope. The cultures were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 20 min, and blocked with 10% normal goat serum for 45 min. Immunofluorescent staining for HO-2, NK-1R, or TH was performed by incubating the cultures for 24 h at 4°C with primary antibodies of rabbit ␣-HO-2 (dilution 1:1,000; Stress Gen), sheep ␣-TH (1:1,000; Chemicon), or guinea pig ␣-NK-1R (1:1,000; Chemicon). Cultures were then incubated with secondary antibodies to rabbit, sheep, or guinea pig IgG conjugated with FITC, Texas Red, or AMCA (Vector; 1:100) for 2 h in the dark at 25°C. Coverslips were mounted on gelatin-coated glass slides with Cytoseal (Stephens Scientific). Control cultures were processed as above, excluding the primary antibody. Immunoreactivity was visualized using an inverted microscope with fluorescent optics (Nikon Eclipse, TE300) and images digitally photographed (Spot) at a magnification of ϫ400. In many cases, there was a loss of cell integrity when the electrode was removed or a displacement of the neuron during the immunochemical procedure. Immunocytochemical identification was successful in 27 neurons.
RESULTS
Experiments were performed on a total of 79 cultured RVLM neurons. Of the 79 neurons studied, the response to hypoxic hypoxia was determined in 32 neurons, to NaCN in 47 neurons, and five of the neurons studied with low PO 2 were also challenged with NaCN. The electrophysiological responses to hypoxic hypoxia were obtained using either a single-step protocol (n ϭ 17) or a graded (multilevel) protocol (n ϭ 15).
Baseline Responses to Hypoxia
Response to single-step hypoxic hypoxia. Neurons were exposed to a single-step hypoxia protocol by switching between superfusate solutions equilibrated with 95% O 2 and 0% O 2 to produce reductions in the PO 2 from 675 Torr to 10 -14 Torr in ϳ30 s. A representative study of a hypoxia-excited neuron that depolarized in response to a single-step hypoxia protocol is shown in Fig. 1A . Decreasing the PO 2 from 675 Torr had no effect on the Vm or FF until the PO 2 was reduced to 15 Torr. After the PO 2 fell below 15 Torr the neuron depolarized (Ϫ58 mV to Ϫ45 mV) and increased FF (0 Hz to 5.2 Hz). The depolarization was maintained for the 2 min of the sustained hypoxic exposure (12 Torr) and reversed to baseline Vm after switching back to the oxygenated solution. Following the recording, the neuron was found to be immunoreactive for both HO-2 and the NK-1R. Because HO-2 expression is limited to only the preBötC and C1 region within this dissected region of the RVLM, this colocalization of HO-2 and NK-1R is consistent with this neuron originating from the preBötC. The hypoxia-depressed neurons also had a similar threshold for their hyperpolarization response to this single-step hypoxia protocol. Fig. 1B illustrates that the hyperpolarizing response to a single-step decrease in PO 2 from 675 Torr had no effect on Vm until the PO 2 was reduced to about 15 Torr. Once the PO 2 fell below 15 Torr, the neuron hyperpolarized (Ϫ60 mV to Ϫ67 mV), which was maintained for the duration of the sustained hypoxic exposure (10 Torr), and recovered to baseline Vm after switching back to the oxygenated solution. Unlike the depolarized neuron, the hyperpolarizing neuron failed to express HO-2. Using this single step protocol, we found that, whether the neuron depolarized or hyperpolarized in response to hypoxia, the sensitivity of these RVLM neurons to hypoxia was not apparent until the PO 2 dropped below 15 Torr. This observation led us to design a graded multilevel protocol to assess the hypoxic threshold using a three-step reduction in PO 2 .
Response to graded levels of hypoxic hypoxia. The graded hypoxia protocol exposed neurons to three levels of steadystate hypoxia from a control level PO 2 of 135 Torr to 10 -14 Torr and more finely defined the threshold response to changes in PO 2 . Fig. 2A illustrates a representative experiment showing an excited neuron that depolarized in response to graded hypoxia. Reducing the PO 2 to 75 Torr and then to 28 Torr had no effect on the Vm or FF of this neuron. However, when the PO 2 was lowered to 12 Torr, there was a significant Vm depolarization (Ϫ61 mV to Ϫ51 mV) and an increase in FF (4.6 Hz to 8.2 Hz). Immunocytochemical staining again found that this hypoxia-excited neuron expressed HO-2. Fig. 2B illustrates a representative experiment showing a hypoxiadepressed neuron that hyperpolarized in response to graded hypoxia. As was observed in the hypoxia-excited neuron, reducing the PO 2 to 80 Torr and 25 Torr had no effect on Vm of this RVLM neuron. However, when the PO 2 was lowered to 12 Torr, there was a significant Vm hyperpolarization (Ϫ67 mV to Ϫ74 mV). As shown before, this hypoxia-depressed neuron did not express of HO-2.
All neurons exposed to the hypoxic hypoxia protocols had a change in Vm (depolarized, n ϭ 26; or hyperpolarized, n ϭ 6) but only after the PO 2 was reduced to 10 -14 Torr. This was true regardless of whether the control level PO 2 was reduced from 675 Torr (95% O 2 ; n ϭ 17) or 135 Torr (20% O 2 ; n ϭ 15). Fig. 3 is a summary of the Vm responses to hypoxic exposures for all 32 neurons. In both the depolarized and hyperpolarized neurons, there was no change in Vm for reductions in PO 2 from 675 Torr to 25 Torr. A significant Vm response to hypoxic hypoxia was not observed until the PO 2 was lowered below 25 Torr. Likewise, there were no changes in FF until PO 2 was reduced below 25 Torr with an increase in FF in depolarized neurons and a decrease in FF in hyperpolarized neurons. A comparison of the baseline and hypoxiainduced changes in Vm, FF, or Ri between the two different Response to graded hypoxic hypoxia of a cultured RVLM neuron excited by reductions in PO2 (A) and one that was depressed by low PO2 (B). A: when this neuron was exposed to step reductions in PO2 from a control PO2 of 135 Torr, to a steady-state PO2 of 75 Torr and 28 Torr, resulted in no Vm depolarization. However, when the PO2 was reduced to 12 Torr, there was a significant Vm depolarization (Ϫ61 mV to Ϫ51 mV) and an increase in firing frequency (4.6 Hz to 8.2 Hz). Immunofluorescent staining-detected expression of HO-2 (Texas Red). B: an RVLM neuron depressed in response to low PO2 has a similar threshold to graded hypoxic hypoxia. From a control PO2 of 135 Torr, when this neuron was exposed to a steady state PO2 of 80 Torr and 25 Torr, there was no Vm hyperpolarization. However, when the PO2 was lowered to 12 Torr, there was a significant Vm hyperpolarization (Ϫ67 mV to Ϫ74 mV). The arrow in the photomicrograph indicates absence of HO-2 expression, and the crosshairs in the phase-contrast image shows the location of the neuron.
hypoxia protocols found no significant differences, so the data for all of the studies were combined.
Responses to NaCN. Responses to NaCN were examined in a total of 47 RVLM neurons. More than 50% of the neurons (n ϭ 25) had a significant response to 3 mM NaCN. The remaining neurons responded to 5 mM NaCN (n ϭ 17) or 10 mM NaCN (n ϭ 5). Neurons were initially characterized as excited (depolarized; n ϭ 30) or depressed (hyperpolarized; n ϭ 17). A majority of neurons were spontaneously active (22/30 of the excited neurons and 11/17 of the depressed neurons). Table 1 presents the summary data for the responses to hypoxic hypoxia and NaCN of excited and depressed RVLM neurons. Neurons excited by hypoxic hypoxia exhibited a significant Vm depolarization, increased FF, and a reduction in mean Ri in response to a mean PO 2 of 13 Ϯ 0.3 Torr. Neurons depressed by hypoxic hypoxia were characterized by a significant Vm hyperpolarization, no change in FF, and a significant reduction in Ri in response to a mean PO 2 of 13 Ϯ 0.4 Torr. Similarly, neurons excited by NaCN exhibited a significant Vm depolarization, an increase FF, and no significant change in mean Ri in response to a mean dose of 3.6 Ϯ 0.5 mM NaCN. These excitatory responses to NaCN were rapid and reversible, reaching a peak depolarization within 30 Ϯ 4 s and recovering with a time constant ( Ϫe ) of 88 Ϯ 7 s. Neurons depressed by NaCN were characterized by a significant hyperpolarization, a near silencing of spontaneous FF, and a significant decrease in mean Ri to a similar mean dose of NaCN (3.8 Ϯ 0.5 mM). Similar to the excitatory responses, the depressed responses were rapid and reversible, reaching a nadir hyperpolarization within 38 Ϯ 7 s and recovering with a time constant ( Ϫe ) of 92 Ϯ 17 s. Of interest was the observation that the NaCNexcited neurons had a mean baseline Vm that was more negative than those neurons that were depressed by NaCN (P Ͻ 0.05). Since there was a significant overlap in the baseline Vm between the two groups in the Vm range between Ϫ65 mV and Ϫ55 mV, we reviewed whether the baseline Vm determined the directional change in membrane potential in response to NaCN to ask the question whether a neuron was more likely to depolarize if the baseline Vm were more negative. We found that there was no relationship between the response to NaCN (depolarization or hyperpolarization) and the initial baseline Vm.
Dependence of the Hypoxia Responses on HO
Effect of PP-IX and SnPP-IX on the responses to NaCN. Of the 47 neurons whose response to NaCN was initially characterized, the effect of SnPP-IX or PP-IX on the response to NaCN was obtained in 30 neurons (20 excited neurons and 10 depressed neurons). Figure 4 illustrates a representative experiment showing that inhibition of HO with SnPP-IX blocks the excitatory response to NaCN. Before the administration of SnPP-IX, a 0.3-ml bolus of 3 mM NaCN given into the superfusion circuit caused a reversible Vm depolarization from Ϫ61 mV to Ϫ51 mV and an increase FF from 4 Hz to 9.3 Hz (Fig. 4A) . After the neuron was superfused with M-CSF containing SnPP-IX for 5 min, there was a reduction in baseline FF, and the depolarized response to the same level of NaCN was blocked (Fig. 4B) . To determine whether blocking HO may have shifted the response to require a higher dose of NaCN, a third bolus containing 5 mM NaCN was given, and this also failed to cause depolarization (Fig. 4C) . The neuron was recovered and found to be immunoreactive for HO-2 (Fig. 4D) .
In contrast to NaCN-excited neurons, inhibition of HO with SnPP-IX did not affect the hyperpolarization response in NaCN-depressed neurons. Figure 5 illustrates a representative recording of a neuron that hyperpolarized from Ϫ51 mV to Ϫ59 mV in response to 3 mM NaCN prior to blocking HO with SnPP-IX (Fig. 5A ). After superfusion with SnPP-IX, a bolus of 3 mM NaCN caused a similar reversible Vm hyperpolarization from Ϫ50 mV to Ϫ58 mV, demonstrating that the hyperpo- Fig. 3 . The membrane potential response to PO2 in neurons excited and depressed by hypoxic hypoxia. Hypoxia-excited neurons (F, n ϭ 17) responded with a membrane potential depolarization when the PO2 fell below 25 Torr. Hypoxia-depressed neurons (E, n ϭ 2) responded with a membrane potential hyperpolarization when the PO2 fell below 25 Torr. Note that the differential responses to hypoxic hypoxia have similar PO2 thresholds. larized response to NaCN was not altered by the inhibition of HO with SnPP-IX (Fig. 5B ). When this neuron was processed for immunofluorescent labeling of HO-2, there was an absence of HO-2 expression (Fig. 5C) . Table 2 summarizes the baseline measurements and responses to NaCN in excited and depressed RVLM neurons before and after application of SnPP-IX. Prior to the application of SnPP-IX, neurons excited by NaCN exhibited a significant Vm depolarization and increase in FF during the peak response to NaCN. In spite of the significant membrane depolarization there was no significant change in Ri, although the range of the response varied widely (Ϫ85 M⍀ to ϩ213 M⍀). Superfusing with SnPP-IX did not significantly affect any baseline measurements. There was a trend for baseline FF to decline with SnPP-IX; however, declines in FF were variable and not significant. The most notable effect of inhibition of HO with SnPP-IX was that NaCN now failed to elicit any significant change in Vm or FF. Increasing the dose of NaCN in five excited neurons that initially responded with a robust depolarization (⌬Vm ϩ16.1 Ϯ 6.3 mV) also failed to restore the depolarization response (⌬Vm Ϫ0.8 Ϯ 1.8 mV) after application of SnPP-IX. In contrast to the NaCN-excited neurons, inhibition of HO did not affect the depressed response to NaCN. Prior to blocking HO, NaCN caused a mean Vm hyperpolarization, decrease in mean FF, and a significant decrease in Ri. After administration of SnPP-IX, there was a reproducible and significant mean Vm hyperpolarization and decreases in FF and Ri. Thus, inhibition of HO with SnPP-IX differentially blocks the excitatory response but not the depressed response to NaCN, demonstrating that HO is essential for the excitatory response to NaCN.
Specificity of heme oxygenase blocker. The specificity of SnPP-IX to block the excitatory response to NaCN was determined by using PP-IX as a control. Figure 6 shows the representative response to NaCN before and after PP-IX in a depolarized and hyperpolarized neuron. In the depolarized neuron (Fig. 6A) , 5 mM NaCN caused a reversible Vm depolarization (from Ϫ76 mV to Ϫ68 mV) prior to the administration of PP-IX, and this response was unchanged after superfusing with M-CSF containing 10 m of PP-IX for 5 min. After the recording, this neuron was found to express HO-2. Figure 6B shows the effect of PP-IX on a representative NaCN-depressed neuron. Prior to PP-IX, 5 mM NaCN caused a reversible Vm hyperpolarization (from Ϫ55 mV to Ϫ61 mV) and a decrease in FF (from 0.5 Hz to 0.1 Hz), which was not significantly changed after superfusing with PP-IX for 5 min, demonstrating that the hyperpolarized response to NaCN was also not changed by PP-IX. This neuron did not express HO-2.
In 3 NaCN-excited neurons studied, we examined the effect of NaCN before and after application of PP-IX and SnPP-IX. Figure 7 shows a representative experiment in one of these neurons. Prior to the administration of PP-IX, 3 mM NaCN evoked a reversible Vm depolarization (⌬Vm ϩ6 mV) (Fig.  7A) . The neuron was then superfused with PP-IX for 5 min, and this caused no significant effect on the depolarized response (⌬Vm ϩ5 mV) to NaCN (Fig. 7B) . In contrast, superfusion with SnPP-IX blocked the response to NaCN in this neuron (Fig. 7C) . After the recording, this neuron was found to be immunoreactive for both HO-2 ( Fig. 7D ) and NK-1R (Fig.  7E) . Thus, this NaCN-excited HO-2 immunoreactive neuron has a phenotype consistent with it coming from the preBötC. In the three NaCN-excited neurons studied using both PP-IX and SnPP-IX, the initial mean ⌬Vm depolarization to NaCN was ϩ16 Ϯ 10 mV, after PP-IX it was ϩ13 Ϯ 8 mV, and after SnPP-IX it was blocked (ϩ2 Ϯ 5 mV). These experiments demonstrate that the response to NaCN is reproducible following the addition of PP-IX and blocked after inhibiting HO with SnPP-IX.
The grouped data from control experiments using PP-IX are presented in Table 3 . Prior to PP-IX (control), NaCN-excited neurons depolarized and increased their FF and superfusion with PP-IX did not change the electrophysiological response to NaCN. Similarly, superfusion with PP-IX did not alter the hyperpolarization (depressed) response to NaCN. Thus, PP-IX does not affect the excited or depressed responses to NaCN, supporting the conclusion that the ability of SnPP-IX to block the excitatory response to NaCN is due to its specific ability to inhibit HO.
Effect of PP-IX and SnPP-IX on the responses to hypoxic hypoxia.
Of the 32 neurons whose response to hypoxic hypoxia had been initially characterized, the effect of SnPP-IX and PP-IX on baseline properties and the response to hypoxic hypoxia was examined in 24 neurons (17 neurons with SnPP-IX and 7 neurons with PP-IX).
Inhibition of HO with SnPP-IX had no significant effect on the baseline Vm (Ϫ61.9 Ϯ 0.9 mV), FF (0.3 Ϯ 0.2 Hz), or Ri (677 Ϯ 58 M⍀) of hypoxia-excited neurons (n ϭ 13) or hypoxia-depressed (n ϭ 4) neurons (Vm, Ϫ60.8 Ϯ 1.5 mV; FF, 1.7 Ϯ 1.5 Hz; Ri, 664 Ϯ 57 M⍀). However, SnPP-IX did selectively abolish the excitatory response to hypoxic hypoxia. Figure 8A illustrates a representative experiment showing the effect of SnPP-IX on the response to hypoxic hypoxia. Prior to the administration of SnPP-IX, lowering the PO 2 from a control level of 125 Torr to 10 Torr caused a significant Vm depolarization (Ϫ69 mV to Ϫ56 mV). The depolarization response was reproducible (Ϫ68 mV to Ϫ56 mV) with a second exposure to a PO 2 of 10 Torr. After superfusing with SnPP-IX, lowering the PO 2 to 10 Torr failed to cause membrane depolarization. This hypoxia-excited neuron was found to be immunoreactive for HO-2.
In contrast, blocking HO with SnPP-IX had no effect on neurons depressed by hypoxic hypoxia. Figure 8B illustrates a representative experiment of a neuron depressed by hypoxic hypoxia before and after SnPP-IX. Before blocking HO, lowering the PO 2 from 20 Torr to 13 Torr caused a Vm hyperpolarization from Ϫ58 mV to Ϫ62 mV. After superfusing with SnPP-IX, lowering the PO 2 to 13 Torr caused a similar Vm hyperpolarization (Ϫ55 mV to Ϫ60 mV). Immunocytochemical processing showed the absence of HO-2 immunoreactivity. Table 4 presents summary data for the responses to hypoxic hypoxia in excited and depressed RVLM neurons before and after application of SnPP-IX. Before the application of SnPP-IX, neurons excited by hypoxic hypoxia exhibited a significant mean Vm depolarization and an increase in mean FF when PO 2 was reduced to 12 Ϯ 0.3 Torr. After inhibition of HO with SnPP-IX, hypoxia failed to elicit any significant change in Vm, FF, or Ri. In contrast, inhibition of HO did not alter the depressed response to hypoxic hypoxia. Prior to blocking HO, hypoxic hypoxia caused a Vm hyperpolarization, which was unchanged by the application of SnPP-IX. Thus, inhibition of HO with SnPP-IX differentially blocks the excitatory response but not the depressed response to hypoxic hypoxia. Control studies using PP-IX were done in seven neurons (five hypoxia-excited and two hypoxia-depressed). PP-IX had no significant effect on the hypoxic hypoxia responses of either the depolarized or hyperpolarized RVLM neurons. Prior to PP-IX, hypoxia-excited neurons depolarized from a mean baseline Vm of Ϫ61.3 Ϯ 3.4 mV to Ϫ49.5 Ϯ 3.6 mV and increased their mean FF from 0.3 Ϯ 0.3 Hz to 0.6 Ϯ 0.5 Hz. After superfusion with PP-IX, hypoxic hypoxia caused a reproducible mean Vm depolarization of Ϫ63.3 Ϯ 1.8 mV to Ϫ51.7 Ϯ 3.1 mV and a mean increase in FF of 0.2 Ϯ 0.2 Hz to 0.4 Ϯ 0.3 Hz. Changes in Ri during hypoxic hypoxia were variable and not significant. In the two hypoxia-depressed neurons that were examined, prior to the application of PP-IX, hypoxic hypoxia caused a mean Vm hyperpolarization of Ϫ63.3 Ϯ 3.2 mV to Ϫ68.5 Ϯ 0.5 mV and a decrease in mean FF from 0.3 Ϯ 0.3 Hz to 0.2 Ϯ 0.2 Hz. After superfusion with PP-IX, hypoxic hypoxia caused a reproducible mean Vm depolarization from Ϫ61.3 Ϯ 1.4 mV to Ϫ67.2 Ϯ 0.8 mV and a decrease in mean FF from 2.3 Ϯ 2.3 Hz to 0.1 Ϯ 0.1 Hz. A small decrease in Ri was observed in response to hypoxic hypoxia both before and after PP-IX. Thus, PP-IX had no effect on the baseline characteristics or responses to hypoxic hypoxia of excited or depressed neurons.
Effect of SnPP-IX on the responses to NaCN and hypoxic hypoxia.
To determine whether individual RVLM neurons respond in the same way (excited or depressed) to both NaCN and hypoxic hypoxia and whether the excitatory response to both NaCN and hypoxic hypoxia is selectively dependent upon HO, the responses of five neurons (three hypoxic-excited and two hypoxia-depressed) to both types of hypoxia were compared. Figure 9 is a representative experiment from a neuron excited by NaCN and hypoxic hypoxia before and after PP-IX and SnPP-IX. Prior to the application of PP-IX or SnPP-IX, a bolus of 3 mM NaCN caused a reversible Vm depolarization (Ϫ55 mV to Ϫ43 mV) and an increase in FF (0.1 Hz to 1.1 Hz). After this neuron recovered from NaCN, it was exposed to hypoxic hypoxia (12 Torr), which also caused a reversible Vm depolarization (Ϫ55 mV to Ϫ43 mV) (Fig. 9A) . After superfusing with PP-IX (control) for 5 min, exposure to 3 mM NaCN caused a similar Vm depolarization (Ϫ58 mV to Ϫ45 mV) and increase in FF (0 Hz to 0.3 Hz) that was observed prior to PP-IX (Fig. 9B) . Likewise, exposure to hypoxic hypoxia (12 Torr) caused the same Vm depolarization (Ϫ61 mV to Ϫ42 mV) and increase in FF (0 Hz to 0.2 Hz) observed prior to PP-IX. After superfusing with SnPP-IX, the neuron failed to respond to both NaCN (3 mM) and hypoxic hypoxia (12 Torr) (Fig. 9C) . Immunofluorescent processing revealed the expression of HO-2 (Fig. 9D) .
The effect of SnPP-IX on a representative neuron that was depressed by both NaCN and hypoxic hypoxia is shown in Fig. 10 . Prior to administering SnPP-IX a bolus of 3 mM NaCN caused a reversible Vm hyperpolarization (Ϫ59 mV to Ϫ63 mV). Two minutes after the neuron recovered from NaCN, the neuron was challenged with hypoxic hypoxia (12 Torr), which also caused a Vm hyperpolarization (Ϫ58 mV to Ϫ61 mV) (Fig.  10A) . After SnPP-IX, the membrane potential responses to a 3 mM bolus of NaCN and hypoxic hypoxia (12 Torr) were intact (Fig. 10B) .
Prior to blocking HO, the mean Vm depolarization in neurons excited by NaCN and hypoxic hypoxia was ϩ11.0 Ϯ 1.7 Table 2 (11) 781Ϯ224 (5) 32Ϯ52 (5) 755Ϯ191 (5) PostSnPP-IX Ϫ60.1Ϯ1.6 (13)
. Effect of blocking heme oxygenase (SnPP-IX) on the response of cultured RVLM neurons to NaCN
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Ϫ5.8Ϯ0.5 (7)* Ϫ47.4Ϯ1.4 (7) 0.1Ϯ0.1 (5) Ϫ0.1Ϯ0.1 (5) 0.1Ϯ0.1 (5) 654Ϯ126 (6) Ϫ53Ϯ24 (6)* 615Ϯ133 (6) Values are expressed as means Ϯ SE; n (no. of neurons) is shown in parentheses. *P Ͻ 0.05 when compared to baseline.
R110
HO AND THE EXCITATORY RESPONSE OF THE RVLM TO HYPOXIA mV and ϩ11.5 Ϯ 1.8 mV, respectively (n ϭ 3). Blocking HO with SnPP-IX abolished the depolarization in response to both NaCN and hypoxic hypoxia. Hypoxia-depressed neurons hyperpolarized in response to NaCN and hypoxic hypoxia (Ϫ4.5 Ϯ 1.0 mV and Ϫ2.6 Ϯ 0 mV, respectively) prior to inhibition of HO with SnPP-IX (n ϭ 2). Inhibition of HO had no effect on the hyperpolarization response to NaCN and hypoxic hypoxia. Immunofluorescent processing found that hypoxia-excited neurons expressed HO-2, whereas the hypoxia-depressed neurons failed to express HO-2.
Immunocytochemistry. A total of 27 of the 79 neurons were successfully recovered after the electrophysiological experiments and assayed for the presence of immunoreactivity of HO-2. Expression of HO-2 was detected in all hypoxia-excited neurons examined (n ϭ 21) and was not detected in any of the hypoxia-depressed neurons (n ϭ 6). Most of the hypoxiaexcited neurons were also examined for colocalization of TH and NK-1R (n ϭ 18). The expression of TH was not detected in any HO-2-expressing hypoxia-excited neurons while four neurons were immunopositive for NK-1R. If we make the Fig. 6 . PP-IX (control) had no effect on the excited or depressed response to NaCN. A: prior to the administration of PP-IX, NaCN caused a reversible Vm depolarization (Ϫ76 mV to Ϫ68 mV). Adding PP-IX had no effect on the baseline Vm or the depolarized response (Ϫ76 mV to Ϫ68 mV) to NaCN. This NaCN-excited neuron expressed HO-2. B: in a different neuron, NaCN caused a reversible Vm hyperpolarization (Ϫ55 mV to Ϫ61 mV). Adding PP-IX had no effect on the baseline Vm or the hyperpolarized response to NaCN (Ϫ53 mV to Ϫ59 mV). This NaCN-depressed neuron did not express HO-2. Fig. 7 . Effect of PP-IX (control) and SnPP-IX on the excitatory response of an RVLM neuron to NaCN. A: prior to adding metalloporphyrins a bolus of 3 mM NaCN caused a reversible Vm depolarization (Ϫ61 mV to Ϫ55 mV). B: after addition of PP-IX for 5 min, the depolarized response to NaCN was similar (Ϫ58 mV to Ϫ53 mV), (C) but following superfusion with SnPP-IX, the response to NaCN was blocked. This neuron expressed HO-2 (D) and NK-1R (E), which is consistent with it originating from the preBötC.
assumption that there are an equal number of hypoxia chemosensitive neurons in the preBötC and C1 region and that the 21 HO-2 immunoreactive neurons have been randomly recorded and recovered from hypoxia-excited neurons from the preBötC and C1 region, then 10 or 11 neurons are preBötC neurons and 10 or 11 are C1 neurons. Thus four neurons colabeling with NK-1R might indicate that ϳ40% of the hypoxia chemosensitive neurons in the preBötC share the phenotype of respiratory related neurons (18, 19) . The lack of colabeling of any of the projected C1 neurons with TH suggests that the phenotype of the hypoxia chemosensitive neurons is some noncatecholaminergic neuron within the C1 region.
DISCUSSION
The current study investigated whether heme oxygenase is necessary for the electrophysiological responses of cultured RVLM neurons to hypoxia produced either by low PO 2 or NaCN. The major finding was that inhibition of HO blocks the excitatory response to both low PO 2 and NaCN but not the depressed response to these hypoxic stimuli. The finding that HO is necessary for the hypoxia-excited response was further supported by the observation that only hypoxia-excited RVLM neurons expressed HO-2. In addition, we found that the threshold PO 2 needed to evoke a significant membrane potential response in both excited and depressed neurons was below 25 Torr and that an individual neuron is either excited or depressed by both hypoxic hypoxia and NaCN. These studies extend our previous findings by demonstrating that hypoxia stimulates RVLM neurons through a HO-dependent mechanism.
Although activation of the carotid bodies during hypoxia is a major contributor to the increases in sympathetic tone and respiration, hypoxic activation of the central RVLM sites also contributes to these cardiorespiratory responses. Producing local hypoxia with NaCN discretely within C1, an essential site for tonic generation of vasomotor tone and the reflex regulation of blood pressure (50), directly excites C1 neurons (54, 55) and increases sympathetic nerve discharge (41) . The respiratory region located just rostral to the C1 region, the preBötC, is also directly excited by local hypoxia with NaCN causing augmented respiratory bursts, i.e., gasps/sighs (53) and may be important for autoresuscitation (20) .
We have previously shown that primary cultures of RVLM neurons retain the excitatory response to NaCN (38) and that HO-2 is selectively expressed in the RVLM cardiorespiratory regions (39) . The findings of the current study extend these observations by attributing a functional role for the presence of HO in the hypoxia sensitivity of the RVLM sites. These RVLM regions are not the only sites within the brain that express HO-2 (16, 33, 35) . In fact, some regions of the brain that express HO-2 have also been proposed to be hypoxia chemosensitive (44) . Thus, HO-2 may conceivably constitute a signaling mechanism in other hypoxia-chemosensitive brain regions. This is not to imply that all HO-2 expressing neurons in the brain are hypoxia chemosensitive, because HO-2 has diverse functions (e.g., antioxidant, heme homeostasis) and is expressed in many other nonchemosensitive brain regions (33, 35) . However, the current results suggest that the expression of HO-2 in these previously identified chemosensitive RVLM regions is linked to their O 2 -sensing function.
It is noteworthy that these chemosensitive regions of the RVLM, the C1 and preBötC, while anatomically discrete and functionally distinct, are juxtaposed to each other, perhaps suggesting that there is some anatomical organization of these hypoxia-sensitive neurons, sharing a common O 2 -sensing mechanism, but functionally distinct by virtue of their separate cardiorespiratory projections. The mechanism of hypoxic sensitivity of these central cardiorespiratory neurons may or may not be same as those used in other O 2 -sensing organs, such as the carotid body or pulmonary vasculature (43, 48, 63, 69) . Of interest is the finding that HO-2 is an important factor in the O 2 sensing of both the central and peripheral O 2 sensors, although in contrasting ways. In the carotid body, hypoxia causes depolarization of the glomus cells by closing two different K ϩ channels, a member of the tandem P-domain K ϩ channel and the Ca 2ϩ -activated large-conductance K ϩ channel (BK Ca ). HO-2, which is constitutively expressed in the carotid body, regulates the conductance of BK Ca because CO, an end product of HO activity, increases the activity of BK Ca (63) . Thus, during hypoxia or inhibition of HO, the conductance of BK Ca decreases, causing the glomus cell to depolarize and increases the activity of the carotid body (49) . In the C1 region and pBötC, HO-2 is also constitutively expressed but its function in O 2 sensing appears to differ from that of the carotid body. In contrast to its inhibitory function in the carotid body, our results have shown that HO is necessary for the hypoxic excitation (both low PO 2 and NaCN) of these central RVLM neurons.
Advantages and Limitations of the In Vitro Model
The aim of this study was to extend our previous findings by assessing whether HO was necessary for depolarization but not the hyperpolarization response to hypoxia produced using both NaCN and low PO 2 . Although the binding properties of NaCN are not always the same as those of molecular O 2 (47), NaCN has been used extensively to study chemosensitivity. NaCN affects 
Values are expressed as means Ϯ SE; n (no. of neurons) is shown in parentheses. *P Ͻ 0.05 when compared to baseline.
cellular pathways in common with hypoxic hypoxia by binding to heme groups in competition with O 2 , including cytochrome aa3 and HO. Thus, exposure to NaCN in cells is akin to O 2 depletion and has been a widely used model of hypoxia (27, 54, 55, 58) . Comparisons of the responses to NaCN and hypoxic hypoxia have been made previously in C1 neurons and carotid body type 1 cells, and both forms of hypoxia produced similar membrane potential responses and activation of specific ionic conductances, suggesting the same mechanism of hypoxic excitation (27, 54 -56, 64) . Similarly, in regions of the brain depressed by hypoxia, NaCN triggers a sequence of events that are qualitatively similar to those observed using hypoxic hypoxia (6, 45) .
Although primary neuronal cultures plated in low density provide an opportunity to study individual neurons, there are limitations with this in vitro model. One limitation is that it only describes how these neurons respond in isolation and not in the context of a neural network, in which other neural inputs might influence the net respiratory or sympathetic response. In addition, in a dissociated cell culture there is no intact neuroanatomy that can be used to identify these neurons as originating in the preBö tC or C1 regions. What we do know is hypoxia-sensitive neurons reside within the preBö tC (53) or C1 regions (54) and that HO-2 is only expressed within these areas (39) of the dissected RVLM region. Thus, the colocalization of NK-1R and HO-2 in a Fig. 8 . Effect of SnPP-IX on the excitatory (A) and depressed (B) responses to hypoxic hypoxia of cultured RVLM neurons. A: response to hypoxic hypoxia is reversible, reproducible, and inhibited with SnPP-IX. Hypoxic depolarization (Ϫ69 mV to Ϫ56 mV) was observed after lowering the PO2 from 125 Torr to 10 Torr, and this was reproducible (Ϫ68 mV to Ϫ56 mV) with a second exposure to hypoxic hypoxia. The addition of SnPP-IX had no effect on the resting Vm but blocked excitation to hypoxic hypoxia. Expression of HO-2 is depicted with immunofluorescent staining in Texas Red. B: blocking HO does not block the hyperpolarization caused by hypoxic hypoxia. Before blocking HO, this neuron hyperpolarized (Ϫ58 mV to Ϫ62 mV) during hypoxia (13 Torr). After SnPP-IX, hypoxia caused a similar hyperpolarization (Ϫ55 mV to Ϫ60 mV). Single white arrow in photomicrographs indicate absence of HO-2 expression.
number of the hypoxia-excited neurons suggest that these were likely preBö tC neurons sharing the phenotype of respiratory-related neurons (18, 19) . The fact that we did not find any colocalization of TH and HO-2 does not mean that these hypoxia-excited neurons were not from the C1 region (29) , it merely indicates that the hypoxia-sensitive neurons of the C1 region are noncatecholaminergic neurons.
Another interesting aspect of these studies was the ability to determine the electrophysiological responses over a wide range of PO 2 from 675 Torr to 10 Torr. Baseline conditions were set at two different PO 2 s by equilibrating the solutions with either a hyperoxic gas (ϳ675 Torr) or room air (ϳ130 Torr). The cultures were incubated from the time of dissociation until they were studied 4 -7 days later with room air, so there is a possibility that they adapted to 130 Torr and that 675 Torr was an acute hyperoxic exposure. But technically, both of these conditions could be viewed as hyperoxic, and both of these solutions created environments that were well above the PO 2 threshold necessary to evoke a membrane potential response (PO 2 Ͻ25 Torr). This threshold is of interest since normal in vivo conditions experienced within the brain are more in the range of 32, 37, 52) , suggesting that these neurons are responding to levels of tissue PO 2 that would be associated with brain hypoxia in vivo. Further, it suggests that these neurons did not adapt their O 2 sensitivity to a higher PO 2 during their incubation in primary culture. This might be surprising since hyperoxia can result in oxidative stress or alterations in electrophysiological properties of neurons (15). It is difficult to translate in vitro values to in vivo levels because of various O 2 -carrying proteins present in vivo that are lost in an in vitro preparation, however, we found that there was little, if any, effect on the baseline parameters recorded at 675 and 130 Torr. In fact, there were no significant changes in the electrophysiological properties (Vm, FF, Ri) until the PO 2 was reduced below 25 Torr. Values are expressed as means Ϯ SE; n (no. of neurons) is shown in parentheses. *P Ͻ 0.05 when compared to baseline. †P Ͻ 0.05 when compared to PreSnPP-IX. ‡P Ͻ 0.05 when compared to hypoxia-excited. Fig. 9 . Excitation to NaCN and hypoxic hypoxia was reproducible after PP-IX (control) and blocked after SnPP-IX. A: NaCN (3 mM) caused a Vm depolarization (Ϫ55 mV to Ϫ43 mV) and an increase in FF (0 Hz to 1.1 Hz). Hypoxic hypoxia (12 Torr) caused a similar Vm depolarization (Ϫ55 mV to Ϫ43 mV). B: after superfusing with PP-IX (control) the Vm depolarization (Ϫ58 mV to Ϫ45 mV) and firing frequency (0 Hz to 0.3 Hz) to NaCN and the Vm depolarization (Ϫ58 mV to Ϫ43 mV) to hypoxic hypoxia (12 Torr) was unchanged. C: Superfusing SnPP-IX blocked the excitatory response to both a NaCN and hypoxic hypoxia. D: arrow in the fluorescent photomicrograph shows expression of HO-2 with Texas Red staining.
Ionic Mechanisms for the Differential Responses to Hypoxia
To understand how HO participates in the depolarization response and not the hyperpolarization response to hypoxia, it is useful to review what is known about the ionic channels implicated in mediating hypoxic chemosensitivity. Differential membrane potential responses to hypoxia are determined by the predominant effect of hypoxia on the ionic currents. Thus, depolarization can occur if outward currents are inhibited (e.g., K ϩ channels) or inward currents are enhanced (e.g., Na ϩ , Ca 2ϩ channels). There is evidence from studies in carotid body glomus cells, PC 12 cells, and RVLM neurons that both of these ionic changes can occur with hypoxic depolarization (10, 27, 30, 38, 44, 56, 60, 62, 70) . In contrast, hypoxic hyperpolarization is primarily mediated by an increased outward K ϩ current. There are several K ϩ channels that have been implicated in the increased outward K ϩ conductance during hypoxia, including Ca 2ϩ -activated K ϩ (K Ca ) channels and ATPdependent K ϩ (K ATP ) channels (17, 40, 45, 66) .
A Schematic Model for HO-2-Mediated Hypoxic Excitation of RVLM Neurons
So how might HO-2 mediate the hypoxic-depolarization of RVLM neurons? HO-2 accounts for nearly all of the HO activity in the brain under normal conditions and the products of its reaction, CO, biliverdin, and iron are involved in numerous signaling pathways (33) (34) (35) . Of these end products, CO and biliverdin are effective signaling molecules, modulators of protein phosphorylation, and antioxidants. There are several potential ways, whereby hypoxia could regulate the activity of HO-2 and the enzymatic production of CO and biliverdin and a variety of ways that these end products could ultimately modulate the conductance of ion channels and change neuronal excitability. A schematic model to illustrate some of the potential pathways linking neuronal excitation to the regulation of HO-2 during hypoxia is presented in Fig. 11 .
Hypoxia and NaCN can regulate the activity of HO-2 in a couple of ways either to decrease or increase its activity through an interaction with the heme regulatory motifs (HRMs) on HO-2 or by activating a Ca 2ϩ -dependent protein kinase cascade. The HRMs are high-affinity heme binding sites outside of the catalytic binding site for heme, whose binding characteristics modulate the activity of HO-2 (35, 67) . Because these HRMs are rich in Fig. 11 . Diagram of working hypothesis illustrating the mechanisms of HO-2-dependent excitation to hypoxia (hypoxic hypoxia and NaCN). Hypoxia could potentially activate HO-2 by directly affecting the cysteine residues on the heme regulatory motifs (HRMs) or by increasing the availability of free heme. Alternatively, the NaCN-induced increase in intracellular Ca 2ϩ could enhance HO-2 activity by activating protein kinases (PKC/CK2). Activation of the Ca 2ϩ -dependent PKC/CK2 pathway increases the catalytic activity of HO-2. Activation of HO-2 generates signaling molecules CO and biliverdin, which can potentially regulate ion channels (e.g., IK and INa) modulated by CO/cGMP or a shift in the redox environment, respectively. The net effect of HO-2 activity on these ion channels would be a Vm depolarization in NaCN-excited neurons. The Vm depolarization would further increase intracellular Ca 2ϩ to affect HO-2 activity. NaCN, sodium cyanide; ER, endoplasmic reticulum; PKC, protein kinase C; CK2, casein kinase-2; ROS, reactive oxygen species; HO-2, heme oxygenase-2; CO, carbon monoxide; sGC, soluble guanylyl cyclase. Fig. 10 . . Blocking HO does not block the depressed response to NaCN and hypoxic hypoxia. A: bolus of NaCN (3 mM) caused a reversible hyperpolarization (Ϫ59 mV to Ϫ63 mV) similar to hypoxic hypoxia (12 Torr) (Ϫ58 mV to Ϫ61 mV). B: when this neuron was superfused with M-CSF containing SnPP-IX, the response to a 3-mM bolus of NaCN (Ϫ60 mV to Ϫ64 mV) and hypoxic hypoxia (12 Torr) (Ϫ60 mV to Ϫ63 mV) were unaffected. Action potentials in A and B were clipped to illustrate the membrane potential changes. C: arrow indicates absence of HO-2. D: phase contrast image shows location of neuron. cysteine residues, they make HO-2 highly sensitive to changes in the redox environment. Yi and Ragsdale (67) recently examined the human HO-2 enzyme and have proposed that these HRMs constitute a thiol/disulfide redox switch that regulates the binding affinity for heme and spin state of heme from ferric (Fe 3ϩ ) to ferrous (Fe 2ϩ ) at the catalytic site. Reducing agents, such as reactive oxygen species (ROS) and NO, decrease the catalytic activity of HO-2 by binding to the HRMs (35) . A reduced cellular environment, such as occurs with hypoxia, maintains the heme iron in the reduced state (Fe 2ϩ ), and this enhances the binding of molecular O 2 to heme (42, 68) . The binding of O 2 is the rate-limiting step in the oxidations of heme (68) , so this increased affinity for O 2 could increase the conversion of heme to CO and biliverdin in the short term. However, longer-term sustained hypoxia results in a decrease in HO-2 activity. Interestingly, this decrease in HO-2 activity is countered with the induction of HO-1, which does not have HRMs, and its regulation is not dependent on the redox effect at these noncatalytic sites (35, 67) .
An increase in HO-2 activity could result from the increased intracellular Ca 2ϩ (Ca 2ϩ i ) that occurs with acute hypoxia. The source of the increased Ca 2ϩ i during hypoxia comes from both extracellular Ca 2ϩ through opening of Ca 2ϩ channels and intracellular stores (mitochondrial and nonmitochondrial). A rise in Ca 2ϩ i can lead to the activation of protein kinase C (PKC), phosphorylation, and activation of casein kinase 2 (CK2), and ultimately lead to a phosphorylation and activation of the catalytic site of HO-2 (12) . Inhibition of CK2 in cultured olfactory receptor neurons and neurons in the enteric nervous system markedly reduces the HO-2/CO-dependent stimulation of the cGMP-mediated neurotransmission (12) . The PKC/CK2 cascade is exclusively dependent upon the rise in Ca 2ϩ i (11) , and because hypoxia triggers an increase in Ca 2ϩ i , it is conceivable that this pathway could increase HO-2 activity in these RVLM neurons.
Activation of HO-2 would increase the generation of the reaction products CO, biliverdin, and iron, which have a broad range of important biological roles (7, (33) (34) (35) . Although iron does have important cellular consequences, at physiological levels, it is readily transported out of the cell via an iron transport ATPase pump (8) or quickly sequestered by endogenous factors, such as ferritin (4) , and thus less likely to be involved in signal transduction. CO could increase neuronal activity through a direct modulation of ion channels, or indirectly via an increase in cGMP, which can subsequently modulate protein kinases (e.g., PKA, PKG), phosphodiesterases (PDE), and ion channels (14, 28, 35) . The potential targets for HO-2-derived CO/cGMP-mediated neuronal excitation of RVLM neurons include background K ϩ conductance (e.g., TASK channels) and I NaP since both TASK-1 and I NaP have been shown to be important in determining the excitability of RVLM neurons (9, 26, 51, 61) . There is evidence that TASK-1 and BK Ca channels mediate cellular excitability in response to hypoxia (13, 25, 63, 65 ). An interesting characteristic of TASK-1 is that modulation by hypoxia is presumably dependent upon the presence of an undefined cytosolic factor/pathway that is specific to O 2 -sensing cells (25, 57) , including CO derived from HO-2 (62, 63) . Conversely, there is also evidence to suggest that an increase in cGMP could inhibit TASK channels and activate the I NaP (24) . Hypoxic activation of I NaP has been demonstrated in central O 2 sensing neurons (23, 27), but the mechanism contributing to the increase in the I NaP of these cells is largely unexplained. Thus, HO-2-mediated hypoxic excitation could occur through various signaling pathways involving CO and cGMP, but the specific HO-2-mediated conductance changes in RVLM neurons remains unknown.
Biliverdin is another physiologically important reaction product generated from HO-2 activity. Biliverdin is readily converted to bilirubin, which has varied antioxidant and signal transduction properties that can regulate redox homeostasis by quenching ROS (34, 35) . Hypoxia-mediated redox regulation alters the gating properties of O 2 -sensing ion channels including K ϩ channels and Na ϩ channels (1, 30) and may be a unique characteristic of O 2 -sensing cells, including pulmonary vasculature, carotid body glomus cells, and neurons in the C1 region (5, 31, 60) . The activation of the I NaP by both NaCN and low PO 2 in hypoxia-chemosensitive RVLM neurons (23, 27 ) may result from a redox modulation of an auxiliary regulatory protein that is colocalized with this channel (22) . Activation of the I NaP could have a profound effect on the activity of RVLM neurons since the I NaP is an essential component to the intrinsic pacemaker activity of preBö tC neurons (51) and the C1 region (26) .
There are some interesting recent findings in HO-2 null mice, which have demonstrated the importance of HO-2 in the cardiorespiratory responses to hypoxia. Adachi et al. (2) found that HO-2 null mice were hypoxemic at baseline without any indication of hypoventilation perhaps caused by ventilationperfusion mismatch due to O 2 sensing deficiencies in the pulmonary vascular smooth muscle and neuroepithelial bodies. Vascular deficiencies were associated with a thickening of the pulmonary veins and an induction of HO-1 partially compensated for the loss of HO-2. Of particular interest was that they found that the HO-2 null mice had blunted respiratory responses to hypoxia with normal respiratory responses to hypercapnia. They speculated that the blunted hypoxic response was due to an impaired O 2 sensitivity of the carotid body and/or the O 2 -sensing neurons in the RVLM. However, another study by Ortega-Sáenz et al. (46) found that the carotid bodies from HO-2 null mice exhibited hypertrophy with increased expression of HO-1 and that the O 2 -sensing function of the glomus cells appeared normal as judged by the amperometric recording of single-cell catecholamine secretion in CB tissue slices. Although induction of HO-1 could compensate for the loss of HO-2 and assume the function of O 2 sensitivity, these authors did not feel that degree of HO-1 induction was sufficient enough to explain the intact hypoxic response of the carotid body. If the HO-2 null mice have an intact carotid body response to hypoxia, then the blunted respiratory response to hypoxia in HO-2 null mice (1) could reflect a loss of a central hypoxia chemosensitivity due to an impaired O 2 sensitivity of these brain stem O 2 -sensing neurons.
Perspectives and Significance
The present study has determined that cultured RVLM neurons respond to hypoxia (both low PO 2 and NaCN) and that only the excitatory response was dependent on the activity of HO. Immunocytochemistry done in parallel with electrophysiology confirmed that HO-2 is expressed in hypoxia-excited neurons and not expressed in hypoxia-depressed neurons. The results show for the first time that HO-2 within the hypoxia-sensitive cardiorespiratory regions of the RVLM is necessary for the transduction of cellular hypoxia. The mechanism(s) by which hypoxia modulates HO-2 to produce an increase in cellular excitability remains to be tested, but we propose a conceptual model that could include potential cellular mechanisms, whereby hypoxia could regulate the activity of HO-2, increase the production of CO and biliverdin, and modulate downstream targets to alter neuronal excitability. On the basis of these results, we propose that, in addition to the peripheral chemoreceptors, the preBötC and C1 regions of the RVLM contribute to the respiratory and sympathetic responses to hypoxia. Because the chemosensitivity of these regions require an intact HO system, the activity of HO may determine the overall sensitivity to hypoxia such that deficiencies or adaptations in the kinetics of HO may contribute to the hypertension and instabilities of respiration such as occur during sleep apnea.
